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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The fracture of the pipelines is often occurred in the vicinity of weld joints. It is important to consider the scattered damages in 
the bulk material and their effect on the mechanical properties. These damages could be visualized by hydro testing of long-term 
exploited pipes with following fractography investigation of the obtained fracture surfaces. The bulk damages of 10G2C1 steel 
after 45 years of operation on the pipeline were analyzed using mechanical characteristics of metal and fractography features of 
fracture. Strength and ductility characteristics, impact toughness of the exploited steel (as a base metal) and metal from different 
zones of longitudinal weld joint on the pipe were analyzed. 
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1. Introduction  
Hydro stress testing of pipelines is aimed to the checking of their tightness. Hydro stress testing of isolated 
section of the pipeline is carried out at a pressure greater than the working one in 1.5 times. The pipeline is 
considered to be hermetic if the pressure water in the pipe remains unchanged during 0.5...6 hours. As a rule the 
fracture of pipelines is occurred in the vicinity of weld joints (WJ) (Nykyforchyn et.al. (2004)). Studying the real pipe 
damages enables us to identify the points of cracks initiation, and mechanism and energy intensity of their 
propagation, to reveal the causes of their appearance and qualitatively estimate the crack growth kinetics (Hull 
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(1999)). It is important to consider the scattered damages in the bulk material and their effect on the mechanical 
properties, especially if the pipes damages start from the inner tube surface. These damages could be visualized by 
hydro test of long-term exploited pipes with following fractography investigation of the obtained fracture surfaces. 
2. Materials and experimental procedures 
A significant part of oil pipelines are operated in low-cycle loading conditions (104...105 cycles). The loading 
amplitude is not generally more than 0.3 times the level of steel yield strength used for pipe production. Main oil 
pipelines are statically re-loaded by internal pressure in average 360 times per year due to shutdown of pumping 
stations or change of pumping regimes, which can lead to the formation of scattering damages in the bulk metal. The 
influence of these operational factors on the residual lifetime of pipelines was simulated on the pipes after more than 
45 years of operation on the main oil pipeline. The fragments, 24 meters in length, were cut from the operated 
pipeline for researches. The diameter of pipes with a longitudinal WJ was 529 mm and the wall thickness - 7 mm. 
The same levels of strength of the weld metal (WM) and the base metal (BM) was provided using the automatic 
submerged arc welding (OSTS-45 brand of soldering flux) by wire St 8HA. The circular welds assembling was 
performed using the manual welding by electrodes YONI I13/55. Two fragment pipes were welded together, 
pressurized at both of their ends and cyclically loaded by internal water pressure up to 6.4 MPa. The rates of loading 
and unloading of tubes by water pressure were 3.6∙10-3 MPa / s. 
The chemical composition of the BM and WM was determined by using a SPECTROMAX LMF-0.5 optical 
spark atomic emission spectrometer. The chemical composition of the BM corresponds to the 10G2S1 steel. The 
WM had practically identical in composition except for a somewhat higher content of copper (Table. 1), that only 
helped to improve the mechanical characteristics of the WM. 
     Table 1. Chemical composition of the 10G2S1 steel. 
Analysis zone Content of elements, mass. % 
C Si Mn Сr S P Cu 
Base metal 0.124 1.168 1.60 0.152 0.036 0.019 0.080 
Weld metal 0.126 1.123 1.58 0.146 0.038 0.024 0.135 
Brinell hardness НВ (estimated as the average value of 50 measurements using a NOVOTEST portable universal 
hardness tester), Charpy impact toughness values (determined in accordance with the requirements of GOST 9454-
78 using the IO – 5003 installation for the impact tests) and the strength and plasticity characteristics (determined on 
the smooth flat axial specimens with a working section of 4×5 mm using the UME-10T machine for the tension 
testing) were used to estimate the state of the degraded metal. 
Metallographic examinations of structure of the different metal weld zones have been carried out by a Neofot-21 
optical microscope. The reagent consisting of 3% nitric acid solution was used for etching of the metal structure.  
The fractographic investigations of the specimen fracture surfaces were carried out by the EVO-40XVP 
scanning electron microscope.  
3. Results and discussion 
The first depressurization of a tube fragment with a small water leakage through the defects formed in the wall 
of tube occurred after 2235 cycles of hydro testing. The damage was detected along the longitudinal WJ on the 
inner surface of the pipe by visual inspection (Fig. 1a). The morphology of crack in the cross-section of the pipe 
was analyzed. It was found that crack propagated from the inner to outer surface of pipe. The different fracture 
mechanism at various stages of crack growth was noted. Change of the crack edges opening across the pipe wall 
indicated the differences in failure mechanisms (Fig. 1b). In particular, the electrochemical corrosion processes 
played a decisive role at the first stage of crack initiation and under anodic dissolution of the crack tip. This is 
proved by the maximum distance between the edges of the main crack near the inner surface of the pipe and the 
large radius at the tips of crack microbranches. The morphology of each tip of the crack branches shows that the 
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mechanism of anodic dissolution is responsible for their formation. The stress corrosion cracking started at the 
blunting tip of the corrosion cracks when the stress concentration at its tip becomes sufficiently high. The 
distance between crack edges at this stage of crack propagation is significantly lower. At the stage of crack 
propagation due to low cycle fatigue of the pipe fragment subjected to hydro testing the value of the crack edges 
opening is even smaller. 
 
Fig. 1. (a) the crack morphology on the inner surface of the pipe after 2235 cycles of hydro testing; (b) the crack morphology in the pipe wall 
cross-section after 2235 cycles of hydro testing; (с) the macro fracture surface of the cracked tube after 2300 cycles of hydro testing. 
The damaged part from the pipe after 2235 cycles was cut and tube fragment was repeated by pressurized. This 
fragment was again broken after additional 65 cycles of hydro testing due to the formed penetrating macrocrack 85 
cm in length. In the macro fracture surface of this fragment the different stages of the tube damage (Fig. 1c) could 
be clearly identified. In both cases (after 2235 and after 2300 cycles of hydro testing) the damages of tubes occurred 
near the longitudinal WJ located operation in the bottom part of tubes and oriented to approximately on the 5 and the 
7th hours of operation (Fig. 2b). After repeated pressurization and hydro testing of a tube fragment up to 2600 cycles 
the water percolates through the tube wall near the longitudinal WJ located during operation on the oil pipeline at 
the tube top part at approximately the 2nd hour of operation (Fig. 2b). In all analyzed cases, the crack initiation 
started from the inner surface of the tubes. The WJ located during service at the tube bottom part usually contacts 
with bottom sediments and aggressive under-oil water, but WJ located at the top part of tube which was not in 
contact with it. As a result, the number of cycles of hydro testing up to penetration of water through the tube wall 
was significantly lower if the WJ (located in the bottom part of tube) contacted during operation with aggressive 
environment compared with WJ (located at the top part of the tube) was not in contact with it. This fact is related 
with a combined effect of the stress in the pipe wall and the corrosive environment during operation of pipes on 
main oil pipeline.  
 
Fig. 2 (a) the scheme of tube fragment from the main pipeline for the cyclic hydro testing; (b) the scheme of location the longitudinal WJ on 
the pipes during its operation on the main oil pipeline for an analyzed tube fragment. 
The damages on the inner surface of the pipe near the crack along the WJ appearing after 2300 cycles of hydro 
testing were analyzed. Using a high resolution, it was revealed that the intensity of corrosion damages on the inner 
surface of pipe decreased if the distance from the crack increased. Moreover, corrosive cavity on the inner surface of 
the pipe become shallow and weakly delineated. At the same time, near the fusion line between WM and BM in the 
552 Oleksandra Student et al. / Procedia Structural Integrity 2 (2016) 549–5564 Author name / Structural Integrity Procedia  00 (2016) 000–000 
root of longitudinal WJ the large (with diameter of up to 100 μm) and deep (300...700 μm) corrosive cavity was 
observed. They were formed due to the electrochemical interaction of metal with bottom sediments and under-oil 
water. As a result, the intensive deepening of corrosive cavity inside the pipe wall could occur. The particles of 
metal weakened by stress corrosion cracking are separated from the bottom of corrosive cavity by the oil flow 
(Fig. 3a). As a result, the well visible fine fragments of intergranular failure were observed at the bottom of these 
cavities. The presence of the intergranular failure at the early stages of defects formation on the inner surface of the 
pipe near the longitudinal WJ proves that stress corrosion cracking is responsible for the crack initiation in main 
pipelines at the contact of the stressed metal with under-oil water.  
In the initial stage of fracture the stress corrosion cracking occurs within the heat affected zone (HAZ) by the 
typical intergranular mechanism (Fig. 3b). The intergranular facets detected on the fracture surface are small 
(~ 10 μm) and, hence the metal in the failure zone has a fine-grained structure. The size of these facets grows 
substantially with increasing crack length. This is connected with the fact that the line of fusion between the WM 
and BM is not oriented radially relative to the pipe; therefore a crack crosses the fusion line and propagates in the 
WM, where the grain size of the ferrite is much larger than in the HAZ. 
 
Fig. 3. (a) сorrosion damages morphology on the internal surface of the pipe near the WJ; (b, c) fractography features caused by pipe hydro 
testing at the subcritical stage of fracture and (d) spontaneous fracture. 
Further the crack propagated under hydro testing of the pipe due to low-cycle fatigue unusual for this class of 
materials, obviously related with the in-service degradation of the metal in the bulk of the pipe wall in the form of 
decrease in its resistance to brittle failure. Despite the fact that fracture syrface has features of macroductile fracture, 
under high-solution observation elements of brittle transgranular fracture were observed at the bottom of the large 
dimples (рис. 3c). The necks between them were destroyed by the ductile mechanism due to cyclic hydro testing of 
the pipe which was typical of low-cycle fatigue. It was noted that the transgranular elements are spatially situated at 
different levels. It is possible that transgranular cleavage is realized in the weakest (from the view point of resistance 
to brittle fracture) grains and they are not necessarily located in the main plane of the crack growth. Most likely, 
such cleavage elements occur in the most weakened grains by the combined effect of long-term operating loads and 
metal hydrogenation during operation, and hydro testing only visualizes their location. It is known that 
hydrogenation of the WM of pipe significantly affects its susceptibility to hydrogen embrittlement (Tsyrul'nyk et al. 
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(2004)). Moreover low-alloy reactor and low-carbon steels failed by transgranular mechanism, when hydrogen was 
transported to the process zone by the mobile dislocation through the grain body rather than by its diffusion along 
grain boundaries (Zagorski et al. (2004)); (Krechkovs’ka (2015)). Therefore, it cannot be excluded that a similar 
way of hydrogen transportation by mobile dislocations during low-cycle fatigue under the pipe hydro testing can be 
also present in the analyzed case. 
When the crack length due to low-cycle fatigue exceeds 2/3 of the wall thickness the final destruction of the 
residual cross-section of pipe occurred solely by the brittle transgranular mechanism with a significant number of 
secondary cracks along the grain boundaries (Fig. 3d). Although the crack propagates in both directions from the 
site of its exit to the outside of the pipe by the macromechanism of shear with the formation of oblique fracture 
surface, the brittle character of spontaneous fracture on the microlevel also indicates of the in-service degradation 
metal of the outer layers most distant from the source of hydrogenation. 
Therefore at all stages of crack propagation across the tube wall clear signs of degradation of the steel caused by 
its long-term operation were observed. First of all this is intergranular fracture at an early stage of stress corrosion 
cracking of metal of different weld joint areas. Secondly, there are scattered elements of the transgranular cleavage 
caused by the low resistance to brittle failure exploited material. They are combined among themselves for ductile 
mechanism due to high deformation level at low-cycle fatigue. And thirdly, there are transgranular cleavage facets at 
the final stage of decompression of a pipe element. It is not typical for the steel in the initial state even at the stage of 
the spontaneous fracture. Moreover, against the background of transgranular facets large numbers of holes 
corresponding to the size of non-metallic inclusions in the WM were observed. It is obvious they have lost the 
cohesion with ferrite matrix and during the pipe failure they are not kept in these holes.  
The metal structure of different zones of the longitudinal WJ of the 10G2S1 steel after long-term operation on the 
main pipeline was studied at the pipe cross section. In all zones of the WJ (BM, HAZ and WM) ferrite-perlite 
structure was observed. At the same time the difference in size and shape of grains in various zones of the WJ was 
noted. The pearlite grains in BM are uniformly distributed among the ferrite grains (Fig. 4a). The sizes of ferrite 
grains are larger (15 ... 30 μm) and of the perlite ones are smaller (5 ... 15 μm). Against the background of a 
polygonal structure with equal axis ferrite grains the perlite grains of different shapes located mainly at the 
intersection of the three boundaries of ferrite grains were observed. The peculiarity of the metal structure of HAZ is 
the unequal distribution of ferrite grains by size. The conglomerates of very small (3 ... 7 μm) grains along with 
large grains (30 μm) were often observed (Fig. 4b). Such grain refinement within the HAZ usually occurs due to 
welding. The WM has a typical structure of the ferrite and perlite grains of significantly larger size (grain size of 
ferrite varied from 25 to 45 μm and perlite ones - from 10 to 55 μm). At the same time the polygonal ferrite grain 
structure disappeared, due to heat removal during welding, but irregular shape and randomness arrangement of 
perlite grain remained, and their number increased, compared with that observed in other areas of the welded joint 
(Fig.4c). At higher resolution a significant number of the traces of non-metallic inclusions were observed in the 
structure of the WM (Fig. 4d). During long-time service of pipe these inclusions lost cohesion with the ferrite matrix 
and therefore easily were removed from the surface of the polished section during its polishing.  
Analyzing the hydrotesting effect on the mechanical characteristics BM was noted that its strength characteristics 
(σUTS, σYS) did not change after hydrotesting (depending on the number hydro cycles N of their deviations from the 
average values did not exceed 1.5%). The plasticity characteristics (elongation δ and reduction of area ψ) and impact 
toughness KCV, are clearly decreased with increasing number of cycles (the elongation decreased by 20%, 
reduction of area - 15% and KCV – 25% with increasing N from 2235 to 2600 cycles). So, the KCV value as a 
characteristic of the resistance to brittle fracture is the most sensitive to changes of the BM state caused by cyclic 
hydro testing. Before hydro testing all analyzed pipe elements was operated during the same time and conditions 
(pipes were cut from the same part of the main oil pipeline after 45 years of operation). Therefore it was considered 
that mechanical characteristics of operated BM before hydro testing didn’t differ.  
A similar analysis of the mechanical characteristics of the metal from the different zones (HAZ and WM) of the 
longitudinal WJ confirmed practically invariance of strength characteristics with increasing the number of cycles 
(deviation from average values of the σUTS and σYS characteristics for HAZ and WM did not exceed 1.5...2.0 %). 
However, the reduction in area of HAZ metal after 2600 cycles was decreased by 6 % and WM –20 %, compared 
with corresponding values obtained after 2235 cycles (Table. 2). Hence the ψ value of the WM the most intensively 
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changes after cyclic hydro testing. It can be the evidence of the most intensive degradation of WM during operation 
on the pipeline. Whereas cyclic hydro testing only is contributed to visualizes this tendency. 
 
Fig. 4. Microstructure of the different zones of the longitudinal WJ on the 10G2S1 steel after 45 years of operation on the main oil pipeline: (a) 
BM, (b) HAZ, (c, d) WM. 
     Table 2. Mechanical characteristics of the exploited 10G2S1 steel after different number of hydro cycles 
 
Number of hydro cycles 
2235 2300 2600 2235 2300 2600 2235 2300 2600 
Base metal Heat-affected zone Weld metal 
σUTS, MPа 585 582 594 574 571 586 580 572 588 
σYS, МРа 431 428 433 433 428 433 423 406 414 
δ, % 30.0 25.1 24.1 28.9 25.2 25.6 26.0 22.0 22.5 
Ψ,% 72.2 67.6 61.2 71.6 69.4 67.4 72.5 64.9 58.3 
 
The same result of the most intensive degradation of WM were obtained earlier during investigations of the 
mechanical properties of different zones of WJ operated on the main steam pipelines of the thermal power plant 
(Nykyforchyn et al. (2007)). In this case, metal degradation occurred at a higher temperature (540° C) and steam 
pressure (16.0 MPa). But the obtained result was the same – WM degraded more intensive than metal from other 
zones of WJ. Regarding elongation of the metal HAZ and WM, the δ values decreased by 13 and 15% respectively 
after 2300 cycles, and in both cases a slight tendency to its increase was noted after 2600 cycles. This opposite 
tendency of the both plasticity characteristics change (reduction of ψ with simultaneously increasing δ value) was 
discovered for the first time in WJ of the thermal power plant (Nykyforchyn et al. (2007)). Later it was confirmed 
for gas pipeline steels (Nykyforchyn (2013)); (Gabetta et al. (2008)). The untypical change of the plasticity 
characteristics was also found on the heat resistant steel of the main steam pipeline that connected with 
intensification of steel degradation under influence of shut-down process (Student and Krechkovs’ka (2012)). 
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changes after cyclic hydro testing. It can be the evidence of the most intensive degradation of WM during operation 
on the pipeline. Whereas cyclic hydro testing only is contributed to visualizes this tendency. 
 
Fig. 4. Microstructure of the different zones of the longitudinal WJ on the 10G2S1 steel after 45 years of operation on the main oil pipeline: (a) 
BM, (b) HAZ, (c, d) WM. 
     Table 2. Mechanical characteristics of the exploited 10G2S1 steel after different number of hydro cycles 
 
Number of hydro cycles 
2235 2300 2600 2235 2300 2600 2235 2300 2600 
Base metal Heat-affected zone Weld metal 
σUTS, MPа 585 582 594 574 571 586 580 572 588 
σYS, МРа 431 428 433 433 428 433 423 406 414 
δ, % 30.0 25.1 24.1 28.9 25.2 25.6 26.0 22.0 22.5 
Ψ,% 72.2 67.6 61.2 71.6 69.4 67.4 72.5 64.9 58.3 
 
The same result of the most intensive degradation of WM were obtained earlier during investigations of the 
mechanical properties of different zones of WJ operated on the main steam pipelines of the thermal power plant 
(Nykyforchyn et al. (2007)). In this case, metal degradation occurred at a higher temperature (540° C) and steam 
pressure (16.0 MPa). But the obtained result was the same – WM degraded more intensive than metal from other 
zones of WJ. Regarding elongation of the metal HAZ and WM, the δ values decreased by 13 and 15% respectively 
after 2300 cycles, and in both cases a slight tendency to its increase was noted after 2600 cycles. This opposite 
tendency of the both plasticity characteristics change (reduction of ψ with simultaneously increasing δ value) was 
discovered for the first time in WJ of the thermal power plant (Nykyforchyn et al. (2007)). Later it was confirmed 
for gas pipeline steels (Nykyforchyn (2013)); (Gabetta et al. (2008)). The untypical change of the plasticity 
characteristics was also found on the heat resistant steel of the main steam pipeline that connected with 
intensification of steel degradation under influence of shut-down process (Student and Krechkovs’ka (2012)). 
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However, the opposite tendency of plasticity characteristics change cannot be reach using any other factors of 
influence on the metal state (thermal treatment, alloying etc.). This feature can be caused only by degradation effect. 
The increase δ value of the operated heat-resistant steels was explained by appearance of scattered damages in the 
bulk material. These damages opened and caused the effect of the rising elongation during specimen tension test. So, 
the relative elongation cannot be used as the plasticity characteristic when the scattered damages appear in degraded 
metals. In our case micro defects (formed during long-time operation) begun to open after 2600 cycles of the hydro 
testing (in fact it corresponding to low cyclic fatigue). This opening effect of damages could cause a slight increase 
of delta value.  
The strongest effect of hydro testing was obtained at impact toughness test. The KCV value of BM decreased by 
25%, the metal HAZ – almost by 40%, and WM – just about by 38% with increasing number of cycles from 2235 to 
2600 (Fig. 5). If the metal state estimated by KCV value the metal of HAZ and WM are more degraded than of OM. 
Under low cyclic fatigue defects (formed in all of these zones during the long-time operation) additionally 
contributed to reduction of brittle fracture resistance. These conclusions (about more intensive degradation of HAZ 
and WM metals and highest susceptibility to metal degradation of impact toughness) agree with previously 
formulated ones on the basis of the WJ research of main steam pipe of the thermal power plants (Student et al. 
(2006)). Thus, despite the substantial difference of operation temperature of oil and steam pipeline the signs of metal 
degradation in both cases are almost identical: a substantial decline of reduction in area and impact toughness values 
with simultaneous arises in elongation one.  
 
Fig. 5. The impact toughness of the metal from different zones of longitudinal WJ of pipes 10G2C1 steel after 45 years of operation on oil 
pipeline, depending on the cycles number of following hydro testing of pipes fragment to it depressurization. 
Research of metal fracture features of the different zones of WJ by impact tests after different number of 
cycles hydro testing was confirmed that at macro and microfractography signs WM corresponds to the metal with 
the lowest brittle fracture resistance (Fig. 6).  
 
Fig. 6. Miсrofractographs of specimens under impact toughness testing, cut from of WМ operated during 45 years, with 2600 hydro cycles. 
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This was demonstrated by the smallest area ductile fracture near stress notch and by the strongest influence of 
shear on its formation, and also by the largest holes formed around non-metallic inclusions. Also small fragments 
transgranular cleavage (1...5 grains) (especially near the inner pipe surface) at the background of the dimples 
relief in ductile fracture zones (Fig. 6a), and single facets of intergranular cleavage on the background of the 
transgranular (Fig. 6b) and significant intergranular secondary cracking in the zone of brittle fracture were 
observed. Transgranular brittle elements within the ductile fracture were considered as fractography signs of 
degradation of metal during long-term exploited of pipes, which were visualized due to cyclic hydro testing. 
Possibility, just these elements caused fragments of transgranular cleavage with ductile stretching ridge around 
them. The same elements were observed on the fracture surface of a pipe, destroyed after hydrotesting (Fig. 3c). 
It was also noted that with increase of the number of cycles of hydropressurization, the role of shear in ductile 
relief formation increased in all region of the WJ but in the case of WM this effect was the most pronounced. 
4. Conclusions 
Peculiarities of fracture at different stages of its propagation across the pipe wall of 10G2S steel after 45 years of 
operation on the main oil pipeline are analyzed: intergranular fracture at the initial stage of stress corrosion cracking 
of the metal of different zones of longitudinal WJ during long-time operation of pipe, scattered elements of the 
cleavage transgranular facets with ductile failure the necking between them during hydro testing, and transgaranular 
cleavage fracture at the final stage of hydro testing of the pipe element, not typical of such grade steels in initial 
state, even during their spontaneous fracture. 
Insensitivity of the strength characteristics of the metal of all zones of longitudinal WJ to deformation processes, 
caused by hydro testing of previously exploited pipes and tendency to opposite change of the plasticity 
characteristics (decline of the reduction of area at the background of a slight increase of elongation broken 
specimens with the rise of the hydro cycles number) due to intensification of scattered damaging of metal (which is 
responsible for the increase of specimens elongation by the defects opening) during low-cycle fatigue, are shown.  
Impact toughness of the metal of all zones of the WJ unambiguously and noticeably decreases with the increase 
of the number of hydro cycles. This is caused by the exhaustion of ability of material to deform in the defects 
vicinity. This fact is proved by the increase of the number of fractographic signs of metal embritlement of different 
zones of the WJ, on the surfaces of broken specimens, subjected to impact toughness testing, after different number 
of the hydro cycles of pipes fragment. 
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